The reflection reducing properties of alkaline-etched multicrystalline wafers are investigated experimentally for high concentration saw-damage etching and low concentration texture etching. Saw-damage etch textures are too flat for multiple bounce reflectance in air, with only 1.6% of the multicrystalline wafer surface calculated to have facet tilt angles above 45°whereby double-bounce reflectance is guaranteed. Texture etching yields 3% lower reflectance in air, due to high angled ͑up to 54.7°͒ pyramidal structures on near ͑100͒ orientations, whereby 13% of the multicrystalline etch surface has tilt angles above 45°. However, under encapsulation, light is coupled more effectively into the silicon; reflectances for the saw-damage and texture-etched wafers compare only 7 and 5.5% higher, respectively, than upright pyramid textures on monocrystalline silicon͑100͒, compared to 18 and 15% higher in air. This is because a far larger proportion of the multicrystalline wafer ͑around 40% for the two etches͒ has tilt angles above 20.9°whereby escaping light is totally internally reflected at the glass-air interface. For texture etching, not only ͕111͖ planes are stable to etching but the whole range of ͕XXY͖ crystallographic planes between these and ͕110͖ orientations, contrary to the accepted texture etching theory.
Alkaline etchants for solar cell processing.-As a standard practice alkaline etchants are employed in solar cell processing. High temperatures ͑above 100°C͒ and concentrations ͑around 10 M or more͒ of alkali are used for the removal of sawing damage for as-cut silicon wafers. These etching conditions are chosen in order to remove the required depth of saw-damaged silicon as quickly as possible. In contrast, low temperatures ͑below 100°C͒ and concentrations ͑Ͻ0.5 M͒ of alkali are used in the processing of ͑100͒-oriented monocrystalline wafers. In this case, the anisotropic action of the alkaline etchant is exploited, whereby slow etching planes, apparently of ͕111͖ orientation, are exposed and intersect to form upright four-sided pyramids with square bases up to 10 ϫ 10 m 2 . These pyramidal textures have geometries which allow sunlight to be more easily coupled into the silicon, and thus to allow as much light as possible to be absorbed and converted to electrical current in the solar cell.
Reflectance reduction through geometrical texturization.- Figure  1 uses two-dimensional groove textures to demonstrate how geometrical texturization can reduce the amount of light lost by frontsurface reflectance for silicon in air, without the use of an antireflection coating. Light which is reflected away from a groove facet at its first point of incidence ͓e.g., at ͑i͒ in Fig. 1͔ may be redirected toward the silicon via a neighboring texture facet, for a second chance of transmission into the silicon ͓e.g., at ͑ii͒ in Fig. 1͔ thereby lowering reflectance at the front surface. The probability with which light will receive such double-bounce incidence or still higher orders of multiple incidence depends upon the facet tilt angles of the geometrical textures with respect to the surface of the wafer, as represented by ␣ in the figure. For normally incident light falling upon periodic textures, angles of ␣ Ͼ 45°ensure double-bounce reflectances will occur; angles of ␣ Ͼ 60°yield triple-bounce reflectances at least. As facet tilt angles decrease below ␣ Ͻ 45°, less and less light will receive double-bounce incidence, closer to the base of the grooves, until at angles below 30°, no light will receive multiple bounce incidence in air, and reflectance levels are equivalent to that of polished silicon. For the upright pyramid textures formed on ͑100͒ oriented wafers, the ͕111͖ facets are angled at 54.7°to the base so that double-bounce reflectances are predominant. As a result, texturing of the silicon ͑100͒, leads to an absolute reflection reduction of approximately 20% compared to a flat polished wafer in air.
Also important in the assessment of textures is their optical performance under encapsulation, as is the situation for the finished silicon solar cells in a module. Figure 2 shows how light escaping on the initial incidence at the silicon front surface may be confined at the glass-air interface and redirected towards the silicon for a second chance of incidence, thus reducing front surface reflectance losses. From Snell's laws of refraction ͑e.g., Ref. 1͒, light approaching the glass-air interface at angles greater than the critical angle ␣ c will receive total internal reflectance ͑TIR͒, where ␣ c ϭ arcsin(n air /n glass ), n being the refractive index. Setting n air ϭ 1 and n glass ϭ 1.5, then ␣ c for the glass-air interface is 41.8°. Thus while facet tilt angles of 30°or more are required for double-bounce incidence of light on the bare silicon, texture angles of only 20.9°a re sufficient for glass-encapsulated wafers to confine light reflected away from the silicon at the glass-air boundary ͓e.g., at ͑iii͒ in Fig.  2͔ . This light will fall reincident upon the surface for a second chance of incidence whereby reflection reduction is also achieved.
Geometrical surface morphologies for multicrystalline wafers.-The surface reflection of periodic geometrical structures is relatively easily explained using basic ray-tracing, as demonstrated in Fig. 1 and 2 . The accuracy of ray-tracing depends on how completely the etch surface geometry is quantified. However for unmasked alkaline etched wafers, quantification of the etch surface morphology is more complex. Etch structures are nonperiodic, their dimensions are nonuniform, and the homogeneity of the structures varies over the wafer.
For a multicrystalline wafer, i.e., with crystal grains of between 1 mm 2 and 10 cm 2 , 2 the situation is further complicated. Anisotropic etching will lead to a surface morphology which will vary over the wafer according to the orientation of the crystals present. The shape of the surface texture and correspondingly the reflecting properties per crystal, are dependent upon the angular proximity of the slow etching crystallographic planes with respect to the wafer surface. However, many different crystal orientations are present; indeed the distribution of crystal orientations in multicrystalline Solsix ͑for-merly Baysix͒ wafers for example has been found to be essentially random, with no preferential orientation being present. [3] [4] [5] Thus a number of different surface geometries will determine the interaction of incident light with the surface and will contribute to the overall reflectance of the multicrystalline wafer. reflectances suggest a difference in surface morphology between the neighboring wafers. The two etch compositions apparently attack the silicon surface differently, suggesting that lower facet angles are exposed after the saw-damage etch ͑due to its relatively high reflectance͒ than for the texture etch.
In order to explain such differences, the surface geometries must be fully quantified on a per orientation basis for the etch compositions used and related to the measured reflectances for the multicrystalline wafers. However, perhaps as a consequence of the aforementioned complexities, relatively little attention has been paid to the quantification and optimization of alkaline etching for multicrystalline wafers. High concentration saw-damage etches are employed industrially purely for their high and relatively well controlled etch rates ͑typically a few tens of micrometers per minute͒, and without knowledge or understanding of the resulting optical properties. The high measured reflectance of saw-damage etched wafers in air would initially suggest that such surface textures will not contribute to reflectance reduction, and these surface geometries are generally poorly investigated. Indeed, there has so far been no attempt made in the literature ͑except by these authors, see Ref. 3 and 6͒ to describe these surfaces geometrically for either mono-or multicrystalline wafers.
Low concentration texture etches, being optimized for their action on ͕100͖ orientations, i.e., pyramidal textures, are rarely investigated for their effect on other crystal orientations. It is assumed that ͕111͖ facets will be exposed exclusively by etching, regardless of the base crystal orientation. This would imply that for good texture etching ͑i.e., under conditions whereby a mono-͑100͒ oriented wafer is completely covered by pyramids͒, the shape of the etch structures for any crystal will be defined by the positions of the ͕111͖ planes closest to the surface orientation. 7 According to this theory, ͑tilted͒ pyramid structures will form on ͑near͒ ͑100͒ orientated crystals. For the extremes of the ͑111͒ and ͑110͒ crystal orientations, the exposure of ͕111͖ etch facets would lead to three-sided pyramids and two-dimensional V-shaped grooves ͑with respective facet tilt angles 70.5°and 35.3°to the surface͒, respectively. However for the ͑111͒, shallower triangular structures or even polished structures may possibly be expected since the surface orientation itself is, of course, a stable ͑111͒ plane. Thus potentially, texture etching would lead to extremes in reflectance over the bare multicrystalline wafer, on varying from pyramidal textures to essentially polished silicon.
However, the validity of this theory has not been tested experimentally for multicrystalline textures. Indeed, the exposure of ͕111͖ facets has even been questioned for monocrystalline ͑100͒ wafers, with suggestions that the pyramid facets may not be ͕111͖ planes but in fact be split into two facets of near ͕111͖ orientation. 8 Reflection reduction in air vs. light confinement under encapsulation.-Until now, the reflection reducing properties of alkaline-etched multicrystalline wafers, have usually been quantified by somewhat disappointing values of short-circuit current density J sc or efficiency ͑for example, compared to mono wafers͒ of the fully processed solar cells. [9] [10] [11] As a result, isotropic texturization methods, such as mechanical grooving or acidic etching, have received more attention in recent years. However, the measured electrical output parameters of the complete cell can only give an indication of the optical properties resulting from texturization, since other processing parameters ͑such as emitter quality, etc.͒ and material qualities will also contribute to these values. Also, where unencapsulated wafers are used for assessment of reflection reduction ͑e.g., Ref. 9͒ results do not indicate the possible benefits attainable through light confinement at the glass-air interface on encapsulation as in the module. The number of surface textures yielding multiple reflectance could be greatly increased under encapsulation. In the Figure 1 . Possible paths for light incident upon geometrically textured silicon in air. Ray 1 experiences double-bounce incidence at a facet tilted at angle ␣ 1 Ͼ 30°. Light which is not coupled into the silicon for absorption at ͑i͒ falls reincident for a second chance of transmission into the silicon at ͑ii͒, thereby reducing front surface reflection. Ray 2 falls incident on texture whose facet tilt angle ␣ 2 Ͻ 30°and is reflected directly away without a second chance of incidence. However, for values of ␣ 2 between 20.9°Ͻ ␣ 2 Ͻ 30°, ray 2 experiences multiple incidence from this facet under encapsulation, as shown in Fig. 2 . Fig. 1 for the silicon under encapsulation. Light reflected away at first or second incidence at ͑ii͒ and ͑iii͒ ͑where facet tilt angles ␣ 1 and ␣ 2 Ͼ 20.9°) is trapped at the glass-air interface by TIR, so that light is redirected towards the silicon for a second or third chance of absorption. light of the random distribution of wafer orientations in the silicon, a potentially far larger proportion of crystals will have etch facets allowing reflectance reduction through light confinement on encapsulation, than will give multiple incidence of light in air.
Reflectance reduction in alkaline-etched multicrystalline silicon.-In this paper, it is aimed to establish experimentally whether alkaline etching methods can provide levels of reflection reduction approaching those of pyramidally textured monocrystalline silicon ͑100͒. Investigations concentrate purely upon the reflection reduction achieved due to the physical geometry of the etch surface, without the aid of an antireflection coating, and in particular by exploiting the benefits of light confinement under encapsulation. To determine this, the etch surface morphology for multicrystalline wafers are quantified using existing and specially developed techniques and related to the measured reflectances. A secondary aim is to investigate and test the validity of the accepted texture etch theory.
Experimental
Wafers used in experimentation.-Monocrystalline wafers of seven different orientations ͑see Fig. 4d͒ as well as neighboring multicrystalline Bayer wafers were used in our experimentation. The orientations of the monocrystalline wafers are distributed evenly over the triangle joining the normals to the principal ͑100͒, ͑110͒, and ͑111͒ crystallographic planes. Figure 4 below shows the wafer orientations represented spatially in a spherical polar coordinate system by the tilt ͑⌰͒ and azimuth ͑⌽͒ angles of their surface normals. Angles in this coordinate system are described with respect to the surface normal to the ͑100͒ plane, with coordinates (⌰,⌽) ϭ (0,0).
The orientations contained within the principal triangle can be used to represent all the different possible crystal orientations present within a multicrystalline wafer. This includes all related planes ͓for example, the ͑110͒ orientation also represents ͑011͒, ͑101͒, (1 10), etc., from the ͕110͖ set of planes͔, since their crystallography and resulting etch surface textures are analogous.
Sample preparation.-The monowafers were initially polished/ lapped; the surfaces were therefore sandblasted with Al 2 O 3 powder followed by thorough rinsing and a cleaning step to give a starting surface equivalent to the as-cut multicrystalline wafers. Wafers received either a low concentration texture etch, or a high concentration saw-damage etch in NaOH. Mono-and multicrystalline wafers were etched together, so that both had received precisely the same etch treatments for comparison. The etch times used were chosen to correspond with a total etch depth of 25 m by weight on the as-cut multicrystalline silicon for both etches. For the effects of encapsulation upon the reflecting properties, wafers were encapsulated under glass and ethyl vinyl acetate ͑EVA͒ in the order of glass-EVA-silicon-EVA-white module backing foil. The glass at the front surface is 1 mm thick window glass, and the white backing foil is from Icosolar, no. 2116.
Coordinate system used for the quantification of the etch surface morphology.-In all cases the resulting etch surface morphologies were observed by optical or scanning electron ͑SEM͒ microscopy, and total hemispherical reflectance measurements were performed using an integrating sphere and spectroradiometer setup. In addition, for the quantification of the etch surface geometries, a number of techniques were developed, as are discussed below.
The surface morphology of the alkaline-etched wafers is quantified using a spherical polar coordinate system, as was the case for describing the relationship between different wafer or crystal orientations. However in this case, the tilt ͑͒ and azimuth ͑͒ angles refer to the positions of the normals to a particular facet of the textured surface exposed by the etch. These angles are measured relative to a particular crystal or wafer orientation, whose surface is parallel to the XY plane in the coordinate system and whose surface normal is parallel to the Z axis ͑see Fig. 5͒ . The positions of the etch facets formed on a particular crystal or wafer orientation are thus described in terms of their angles and with respect to the base orientation.
Atomic force microscopy (AFM).-A Nanoscope III AFM was specially adapted for the accurate scanning of textures with heights in the micrometer ͑as opposed nanometer to submicrometer͒ range. A scanner with an 8 m height range (200 ϫ 200 m maximum scan area͒ was used, accommodating for the height variations in the surface textures found in experimentation. The silicon needle had a low tip angle of ϳ34°and an asymmetrical shape from front-to-back along the length of the lever ͑i.e., in the trace direction͒ as shown in Fig. 6 . Maximum slope angles of 70°-80°could thus be measured in the trace direction, and troughs were better accessible to the needle. In the lateral directions the probe is symmetric, with tip half angles of 17°, each giving maximum lateral scanning angles of 73°. All the measuring tips are examined prior to use using the SEM to ensure there were no artefacts in shape, and the tips were regularly renewed prior to abrasion.
Calibration of the scanner was performed with a ͑100͒ oriented monocrystalline silicon wafer with a photolithographically etched, periodic inverted pyramid texture ͑Fig. 7͒. The facets of the foursided pyramids are composed of intersecting ͕111͖ oriented planes at 54.7°to the base orientation. This calibration sample allows control on three aspects of dimension, laterally, through the periodicity of the pyramidal grid; vertically, through the depth of the inverted peaks; and angularly, since the tilt and azimuthal angles of four facet directions must be determined. These details can be most easily represented through plotting the height data from the scan in terms of an AFM facet transform.
AFM facet transforms.-The AFM facet transform analysis method was developed by Burgers et al.; 3 an equivalent procedure, the radial-histogram transform was reported later in Ref. 12 . This technique enables the three-dimensional height maps to be converted into angular data, describing the tilt and azimuthal angles of facets on the textured surface as scanned.
The AFM gives heights z ij on a square grid consisting of 256 ϫ 256 data points. The AFM facet transform procedure uses a specially developed computer program for the computation of the density of facet normals from the height maps ͑see Ref. 3 for detailed mathematical analysis͒. The AFM scan is approximated locally at every point with a plane. The normal vectors to the fitted planes are expressed in terms of the angular components of tilt and azimuth in the spherical coordinate system of Fig. 5 , and the density function of normal vectors, which is equal to the number of normal vectors per solid united angle, is determined.
Localized laser scatter recordings.-He-Ne laser light of 0.5 mm beam diameter is incident perpendicular to the textured surface via a hole in a semitransparent projection screen. Light is reflected back from the crystal in preferential directions according to the surface texture resulting from the etch type used and the orientation examined. The reflected light impinges upon and is diffused by the projection screen giving a pattern characteristic of the surface morphology. Light transmitted through the screen is recorded with a chargecoupled device ͑CCD͒ camera. These laser scatter patterns can also be recorded using photogoniometry, 13 whereby a photodetector mounted on a rotatable arm is used to make a hemispherical scan of the reflected light, whereby a mercator projection ͑projection of a sphere on a flat surface͒ yields the laser scatter pattern. Laser scatter patterns may also be checked against the AFM facet transforms ͑for low-angled facets yielding direct light reflectance spots͒ as an extra control of measurement accuracy.
Determination of facet orientations.-Scatter measurements are used in combination with Laue photography 6 to determine the orientations of the exposed etch facets in terms of their Miller indexes. There are parallels between the Laue and scatter methods. For the Laue technique, the reflection of X-rays from crystal planes is recorded giving crystallographic information, while for the scatter technique, light reflected from the surface gives information about the surface morphology. The wafer to projection screen distances are set at 4 cm for both Laue and scatter experiments, and it is ensured that the position of the wafer with respect to the incident light and the projection screen is the same in both cases. Then the ͑mirror image͒ of the scatter reflection patterns are superimposed upon the Laue photograph, laser light reflection spots will correspond with the Laue reflection spot for the crystal plane with the same surface normal, yielding the orientation of the exposed etch facet, provided reflectance spots result from direct reflectances from the etch facet without multiple reflectance from adjacent surfaces.
Modeling
Modeling of texture-etched surfaces using the ray-tracing program Sunrays.-Theoretical surface morphologies and reflectances, whereby the etch surface is composed exclusively of ͕111͖ facets, could be modeled on a per orientation basis using the raytracing program Sunrays.
14 This program calculates the optical properties of geometrically textured silicon cell structures, these textures being described in terms of a geometrically defined unit cell structure. Theoretical texture etch geometries are described geometrically for a particular base wafer orientation using the matrix transformation described in Ref. 15 . Modeling with Sunrays leads to an idealized view of the texture-etched surface, since only texture features of identical size can be modelled, with no flat areas between these features. 
Results of Saw-Damage Etching
Surface morphology. -Figures 8 and 9 show the saw-damage etched surfaces for the seven orientations from SEM and AFM microscopy. The surface morphologies of the saw-damage etched wafers are generally relatively flat, in terms of their optical reflective properties in air. The majority of exposed etch facets have surface normals with tilt angles of less than 30°, i.e., lower than is required for even minimal double-bounce incidence of light in air ͑see Table  I͒ . This flatness arises due to the large number of crystallographic planes which are stable to the etch, these being predominantly the ͕100͖, ͕111͖, ͕110͖, ͕311͖, and ͕211͖ sets of planes, as found in investigations with Laue photography/scatter patterns. With so many planes being stable to the etch, the angle of intersection of a stable plane to any miscellaneous base orientation is relatively low, resulting in generally flat but nevertheless often complex geometrical structures.
The ͕100͖ and ͕111͖ planes are particularly stable to the etch. This is exhibited on etching the ͑100͒ and ͑111͒ wafer orientations, since they etch down toward the base orientations giving particularly flat etch surface morphologies. Correspondingly, their AFM facet transforms show that facets are angled normally to the wafer surface, and laser light is reflected back upon itself yielding a dis- tinct reflectance spot centered around the wafer surface normal. ͕111͖ planes are exposed as polygonal stepped crater-like etch pits of several tens of micrometers in dimension, with steps expanding out from the pit centers. In contrast, the square-shaped plateaus of ͕100͖ planes are smooth, with no steps visible. Both ͕100͖ and/or ͕111͖ planes are found exposed on all the wafer orientations to a greater or lesser extent.
Crystals oriented away from the ͕100͖ and ͕111͖ yield more complex etch surfaces, with structures composed from several of the stable etch facets, as is summarized in Table I . The exposed facets are not always distinct, with some facets merging into others ͑in particular, neighboring ͕211͖ and ͕311͖ facets which are separated spatially by a tilt angle of only 10°͒ or being somewhat rounded or even broken up whereby facet normals are spread up to several degrees around the central exposed facet normal.
The most complex etch structures are found on the ͑110͒ wafer orientation, which has etch facets exposed in no less than seven directions. The majority of facet normals are oriented within a very diffuse spot ͑Ϯ20°͒ centered around the normal to the wafer surface. However, the remaining facets have tilt angles around 30°or more. Limited double-bounce reflectance is possible between azimuthally opposite ͑100͒ and ͑010͒ exposed etch facet pairs, which have tilt angles of 45°. This leads to the slightly lower reflectance of the bare ͑110͒ wafer with respect to the other saw-damage etched wafer orientations.
Reflectance measurements of bare saw-damage etch textures.-The wide variation in texturization with orientation consequently yields differences between the individual reflectances measured. Figure 10 shows that reflectances lie between 0-4% lower than that for the polished silicon, with the ͑100͒ and ͑110͒ being the highest and lowest reflecting orientations, respectively. For the lower reflecting orientations this indicates that a low level of reentry of light is present, although generally the majority of facet tilt angles are too low for double-bounce reflectance in air. The reflectances at wavelengths above 1.2 m ͑i.e., where the silicon is fully transmitting so that the rear surface reflectance is visible in the measured total reflectance͒ also give an initial indication of the variation in facet tilt angles between the textures. These vary by approximately 7% for the monocrystalline wafers suggesting that significant levels of ͑internal͒ light scattering occur for some textures. This point will be further discussed in a forthcoming paper. 16 ͑The peak in reflectance at ϭ 0.36 m corresponds with the position of the direct bandgap of silicon at 3.4 eV.͒ As discussed previously, the dominant etch facets exposed for all the crystal orientations ͑represented in the AFM facet transforms in Fig. 9 by the spots or facet clusters with the highest density of surface normals͒ have tilt angles less than the 30°required for initial double-bounce reflectances ͑see also Table I͒ . This explains the high total reflectances approaching those of polished silicon, as measured for the individual wafer/crystal orientations. Where facets have tilt angles above 30°relative to the wafer surface, there are generally no azimuthally opposing facets with high enough tilt angles onto which the light can be reflected for a second incidence ͓except for near-͑110͒ oriented crystals͔. Thus light is still reflected away from the silicon after its first point of incidence, and reflectance remains high. In summary, the bare saw-damage etched wafers have reflectances in air equivalent to polished silicon. This is because the tilt angles of the dominant etch facets exposed are lower than the 30°required for double bounce reflection.
Reflectances of saw-damage etched wafers under encapsulation.-There is a larger spread in reflectances of 7% for these seven wafer orientations under encapsulation compared to the case in air. Figure 11 shows that the reflectances of the different orientations are separated into three groups, with the ͑100͒, ͑210͒, and ͑111͒ having the highest reflectances, the second group including the ͑311͒ and ͑221͒ having intermediate reflectance, and the third group including ͑110͒ and ͑321͒ having the lowest reflectances.
Considering the first group, reflectances are almost identical for the ͑100͒, ͑210͒, and ͑111͒ orientations below a wavelength ϭ 1 m, lying approximately 1-2% lower than for the polished silicon under encapsulation. This emphasizes the flatness of these particular textures, with most of the incident light reflected back normally to escape out through the glass encapsulation. Only the ͑210͒ has a lower reflectance above ϭ 1 m, indicating the effect of the greater faceting of the etch surface ͑with two clusters of opposing facets around 16°to the normal͒ compared to the particularly flat ͑100͒ and ͑111͒. Although this facet angle is too low for light confinement at the glass encapsulant by total internal reflectance ͑minimal facet angle ϭ 20.9°), the difference in reflectance at higher wavelengths suggests that the level of texturization may have an eventual effect on internal scattering of light within the silicon. 16 For the ͑311͒ and ͑221͒ wafer orientations, reflectance is approximately 6% lower than the polished silicon case. This is caused by the higher facet angles of the texture, whereby in both cases facets exist with tilt angles greater than the 20.9°required for total internal reflectance at the glass-air interface. In the case of the ͑311͒, three of Figure 10 . Reflectances for the saw-damage etched monocrystalline wafers ͑starting thickness ϳ525 m͒ and a double-polished 100 m thick silicon wafer. The order of front surface reflectance for the seven orientations is .   Table I . Quantification of the surface morphology for saw-damage etched wafers, in terms of Miller indexes, tilt, and azimuth angles of the exposed etch facets, and optical properties in terms of the probability of multiple incidence of light. Y Ä yes, N Ä no, and P Ä possible, corresponding, respectively, with "i… guaranteed multiple incidence "tilt angles Ì 45°in air or Ì 20.9°under encapsulation…, "ii… possible multiple incidence of light "30°Ë Ë 45°in air…, and "iii… no multiple incidence " Ë 30°in air or Ë 20.9°under encapsulation…. Italic type indicates calculated results.
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the four exposed etch facets have facet angles high enough to allow the confinement of light within the glass. However, the most prominent facet present, the ͑211͒, at only 10°to the surface normal, will reflect equivalently to polished silicon, so that the reflectance is not reduced further than shown. For the ͑221͒ wafer orientation, the exposed facets have surface normals spread around the ͑111͒ oriented etch facet. Since some facets are thereby angled above 20.9°, some light is confined at the glass-air interface leading to limited reflectance reduction. The ͑110͒ and ͑321͒ wafer orientations have such a high level of faceting that a large proportion of the incident light is confined at the glass surface, resulting in the lowest reflectances for the seven orientations. For the ͑110͒ wafer orientation, six of the seven etch facets exposed have tilt angles permitting total internal reflectance as well as double-bounce reflectances, but unfortunately, reflectance reduction is restricted by the large proportion of facets angled normally to the base orientation. Similarly for the ͑321͒ orientation, the facets all have theoretical orientations large enough to give total internal reflection at the glass-air interface. However, since facet normals around the exposed ͑111͒ facet are spread by approximately Ϯ10°around the measured angle of 23.4°for this latter wafer orientation, a proportion of the etch surface is tilted below the critical angle for light confinement. In summary, the number of crystals experiencing multiple entry of light is significantly increased for the saw-damaged etched wafers on encapsulation, compared to the bare silicon. This is because many exposed etch facets have tilt angles high enough for light confinement by total internal reflectance at the glass-air interface ͑i.e., Ͼ20.9°͒, but too low for even minimum multiple-bounce incidence in air ͑i.e., Ͻ30°͒.
Results of Texture Etching
Surface morphology.- Figures 12 and 13 show the textureetched surfaces for the seven representative orientations from SEM and AFM microscopy. While for the saw-damage etch, all wafer orientations commonly exhibited relatively flat surface textures, large variations in roughness exist between the roughest and flattest texture etch surfaces for the different wafer orientations. AFM facet transforms ͑Fig. 13͒ of the various wafers show that for orientations closest to the ͑100͒, for example ͑311͒, ͑210͒, etc., one or more of the dominant exposed etch facets have tilt angles large enough for double-bounce interactions with light, as summarized in Table II . The remaining orientations yield far flatter textures with tilt angles too low for double-bounce reflectance in air. In addition, etch texture features are nonuniform in size and distribution over the wafer surface, and are sometimes separated by nontextured ͑flat͒ regions.
Laue-scatter investigations of the wafer surface morphologies show that the set of ͕111͖ crystallographic planes is particularly stable to the low concentration alkaline texture etch ͑see also Ref. 6 for further details͒. Laser scatter patterns for the majority of textureetched crystal orientations exhibit direct reflectance spots in the direction of one or more exposed ͕111͖ etch facets. In the case of the ͑100͒ wafer/crystal orientation, four orthogonal laser light spots are observed due to the double-bounce reflectances originating from each facet on the pyramidal texture. AFM facet transforms in addition to Laue-scatter investigations confirm the corresponding etch facets to be of ͕111͖ orientation, with tilt angles of approximately Ϯ55°.
The stability of the ͕111͖ planes to the etch is in agreement with the generally accepted texture etch theory. Indeed, the shape of the textures on the different wafer orientations, as viewed by SEM microscopy, varies visually from upright pyramids on ͑100͒ wafers, to tilted pyramids on near ͑100͒ wafer orientations ͓e.g., ͑311͒ and ͑210͒, angled at 25.2°and 26.6°to the ͑100͒ plane͔, to flat triangular plateaus on the ͑111͒ as predicted by Sopori 7 and the matrix transformations described by Campbell et al. 15 It should, however, be noted that the exposed ͕111͖ facets are not perfect crystallographically. Closer inspection of the ͑tilted͒ pyramid morphology reveals that the exposed ͕111͖ texture facets may be slightly rounded or even split, consisting apparently of two facets slightly tilted with respect to one another, in agreement with the observations of Ref. 8 . This can be seen, for example, in the AFM facet transform for the pyramidally textured ͑100͒ orientation in Fig. 13 , where the clusters of exposed facets around the individual ͗111͘ directions are seen to be split into two groups angled within a few degrees of each other.
In addition, the further away the wafer is oriented angularly from the ͑100͒ orientation toward the ͑110͒, the less the tilt angles of the exposed etch facets agree with those calculated for the ͕111͖ planes expected from theory ͑see Table II͒ . Indeed, both laser scatter and AFM facet transforms indicate that the ͑111͒ facet is not exclusively exposed by the etch. In fact the whole range of ͕XXY͖ facets ͓ori-entations lying on the line between ͕111͖ and ͕110͖, e.g., ͕221͖, ͕331͖, ͕556͖, etc.͔ are exposed by texture etching. This is seen in the laser scatter and AFM facet transforms: lines of reflected light or exposed etch facet normals are found extending between ͕111͖ and ͕110͖ facets, as opposed to direct spots of light or facet clusters in a distinct direction. In fact, in the case of the ͑110͒ wafer orientation, where theory dictates the formation of V-shaped grooves consisting of intersecting ͕111͖ planes at 35°to the surfaces, far flatter surfaces are obtained with somewhat rounded grooves with tilt angles of ϳ15°, these facets being closer in orientation to the ͕221͖ than the ͕111͖. While the theoretical structure would allow a low level of double-bounce interaction at the base of the grooves in air, this is not possible for the actual texture formed.
In summary, the geometry of the multicrystalline surface for texture etching depends upon the angular proximity of crystals from the ͑100͒ orientation. Etch structures close to the ͑100͒ and ͑110͒ have shapes which correspond with those expected from theory, with pyramidal and flat triangular textures forming, respectively. However, none of the wafer orientations yield exclusively perfect ͕111͖ facets as expected theoretically. In fact a range of orientations ͓the ͕XXY͖͔ are exposed so that, particularly near the ͕110͖ orientation, much flatter surfaces may be yielded than expected.
Reflectance measurements of bare texture etched wafers.- Figure 14 shows reflectances for the texture-etched wafers, revealing a far larger spread in the bare wafer reflectances than for the saw-damage etch. Reflectances are related to the angular separation between the particular wafer orientation and that of the ͑100͒ plane, in correspondence with the facet tilt angles of the texture as described above. The wafers oriented furthest away from the ͑100͒, i.e., the ͑111͒, ͑221͒, and ͑110͒ wafers in this case, have the highest reflectances, equivalent to that of polished silicon ͑front surface reflectance R ϳ 31% at ϭ 1 m). This compares to front-surface reflectance values for the ͑100͒ wafer as low as 13% due to its upright pyramid texture. The tilt angles of etched facets exposed for 
these orientations are too low for multiple reflectance in air ͑i.e., Ͻ30°͒, so that reflectances approach that of polished silicon. As crystals tend closer in orientation to the ͕100͖, tilted pyramids are exposed with facets angled at increasing tilt angles with respect to the wafer surface. When etch facet tilt angles begin to exceed 30°, double-bounce reflectance becomes more likely, so that the reflectance in air decreases for crystals closest to the ͕100͖ orientations.
In summary, the reflectances of bare multicrystalline wafers in air are dependent upon the angular proximity of the constituent crystals with respect to the ͑100͒. Near ͑100͒ orientations have low reflectances in air due to the ͑tilted͒ pyramid textures which enable double-bounce reflectance. Further away from the ͑100͒, the increasing flatness of texture yields still higher reflectances towards ͑111͒ and ͑110͒, and other ͑XXY͒ orientations. Figure 15 shows the encapsulated reflectances for the seven texture-etched monocrystalline wafers. The reflectances of the ͑111͒, ͑110͒, and ͑221͒ orientations ͓i.e., the ͕XXY͖ orientations͔ are highest, as was the case for the bare wafers, equivalent to the encapsulated polished wafer due to the flatness of these textures. The tilted pyramid textures on the ͑210͒ and ͑311͒ wafer orientations have considerably lower reflectances, comparable to those of the encapsulated upright pyramids formed on the ͑100͒ orientation. The dramatic reduction in reflectance for these tilted pyramid textures is the result of the internal confinement of light reflected away from the silicon at first incidence at the front glass encapsulant. The measured tilt angles of 36°and 27.5°for the predominantly exposed etch facets ͑see Table II͒ on the ͑210͒ and ͑311͒ wafer orientations, respectively, are large enough to ensure total internal reflectance of light at the glass-air interface. For the upright pyramid textures on the ͑100͒, however, encapsulation has a minimal effect upon the level of light coupled into the cell, since most light enters the silicon through the initial double-bounce reflectance at the pyramid facets, as is the case in air, prior to approaching the glass-air interface.
Reflectances of texture-etched wafers under encapsulation.-
In summary, reflectance of texture-etched multicrystalline wafers under encapsulation depends upon the angular proximity of constituent crystals to the ͕100͖ orientations, as is the case for the wafers in air. However, a far larger range of crystals further away from the ͑100͒ with tilted pyramid textures now experience multiple-bounce incidence of light ͑and thus low reflectances͒, since facet tilt angles of only 20.9°satisfy the condition for total internal reflectance at the glass-air interface.
Comparison of measured and theoretical reflectances for texture etched wafers in air.- Table III shows the value of R at 630 nm ͓arbitrary nontransmitting wavelength for silicon, approximately equal to that of the laser light used for ͑Laue͒-scatter recordings as described in the section on localized laser scatter recordings͔ for the different texture-etched orientations. Reflectance in air is seen to increase with the increase in angular separation between the particular crystal orientation and that of the ͑100͒, in agreement with the trend found for the measured reflectances. However, the theoretical reflectances as calculated by Sunrays are approximately 2-5% lower than those measured in practice, with the ͑110͒ wafer orientation having the poorest agreement. The exposed etch facets have lower tilt angles than those expected theoretically for the corresponding ͕111͖ planes, and nontextured regions will reflect normally to the surface. The actual reflectances are therefore higher than expected theoretically since less multiple incidence of light will occur in practice. The lower facet tilt angles are primarily due to the stability of the ͕XXY͖ range of planes leading to a reduction in sharpness of texture features with rounding or splitting of etch facets rather than distinct ͕111͖ planes as expected.
In summary, the same trends in reflectance are found for the individual bare-texture-etched wafer orientations for measured and calculated reflectances based on texture etch theory. Both measured and theoretical reflectances increase with the angular separation between the particular crystal orientation and that of the ͑100͒. Reflec- 
a Where facet normals are exposed over a range of orientations as opposed to a distinct crystal plane, the range is described by the most extreme facets exposed ͑from...to͒ and/or the most central orientation through which the range passes ͑...via...͒. Where an arbritrary ͕XXY͖ orientation is exposed, the theoretical position of the closest ͕111͖ or other ͕XXY͖ orientations is also shown.
tances are somewhat higher than predicted by theory since etch facets are not perfectly ͕111͖ oriented and generally have lower tilt angles than predicted. Table III shows measured and predicted reflectances ͑as calculated by Sunrays͒ for the representative orientations on encapsulation. For the majority of orientations, closest to ͑100͒ and around the stable ͑111͒, any discrepancy between measured facet tilt angles and those predicted by theory has a minimal effect on the reflectance reduction expected on encapsulation. The high reflectances measured on the ͑111͒ orientation, equivalent to polished silicon, and the low reflectances on upright and tilted pyramids ͓e.g., on ͑100͒ and ͑210͒ and ͑311͒ orientations͔ through initial multiple bounce incidence and light confinement at the glass-air interface, respectively, are both predicted and measured in practice.
Comparison of measured and theoretical reflectances for texture etched wafers under encapsulation.-
However for wafers oriented closer to the ͑110͒, the measured and predicted reflectances on encapsulation differ considerably. For the very shallow tilted pyramid texture on the ͑321͒ orientation for example, angled closer to the ͑110͒ than to the ͑100͒, measured and calculated encapsulated reflectances differ by 12.2%. The measured angle for the primary facet exposed is approximately 11°, so that no benefits are gained by light confinement. However, if the ͑321͒ tilted pyramid texture was composed of perfect ͕111͖ facets, then the theoretical 22.2°tilt angle of the ͑111͒ facet would be high enough to ensure total internal reflection at the glass-air interface. The situation for the encapsulated ͑110͒ orientation itself is also extreme. While for the other orientations investigated, predicted reflectances are between 1-5% below those measured, the predicted reflectances for the ͑110͒ wafer orientation are approximately 11% lower than is measured. This is because the facet angles of the actual textures are lower than 20.9°, as required for total internal reflectance of light at the glass-air interface. In contrast according to theory, V-shaped grooves would be formed through intersecting ͑111͒ and (1 1 1) planes with 35°facet tilt angle with respect to the base ͑110͒ orientation. This angle is large enough to allow total light confinement the glass-air interface, whereby double incidence and thus greater reflection reduction would occur as predicted.
In summary, the theoretical model of texture etching predicts that for the majority of wafer/crystal orientations, except those closest to the ͑111͒ orientation, etch facet tilt angles will be large enough to achieve reflection reduction under encapsulation. This would result from multiple-bounce incidence either primarily at highly faceted textures ͑for example, for upright pyramids͒ or in any case via total internal reflectance of escaping light at the glass-air interface back towards the silicon. However the stability of all the ͕XXY͖ orientations, in particular the ͑110͒, limits the proportion of wafer/crystal orientations whose etch facets have tilt angles above 20.9°for light confinement at the glass-air interface. As a result, not only near-͑111͒ orientations but also wafers close to the ͑110͒ yield highly reflecting etch surfaces.
Discussion
Comparison of saw-damage and texture etching on monocrystalline wafers.-The differences in surface morphology resulting from saw-damage and texture etching result in contrasting reflectances on a per orientation basis. The crystallographic planes exposed by etching are entirely different for the two etches, leading to textures with relatively low facet angles ͑generally less than 30°͒ for the majority of saw-damage etched surfaces, compared to surfaces with facet tilt angles up to 55°for texture etching. Figure 16 summarizes the resulting reflecting properties for the different orientations, using the principal triangle of orientations described in Fig. 4 . The differences in surface morphology for the two etches mean that completely different regions of the principal triangle of orientations yield high or low reflectances. For example, while texture etching of the ͑100͒ orientation yields highly faceted pyramids with low reflectance in air, saw-damage etching of the same orientation yields microscopically flat textures with reflectances equivalent to polished silicon.
The effect of the variation in facet tilt angles with orientation is best appreciated for the two etches by observing the change in reflectance in air compared to encapsulation. This is quantified in Tables IV and V below, whereby reflectances are related to the proportion of the etch surface yielding facets with tilt angles satisfying the conditions for multiple reflectance in air or under encapsulation. The majority of test orientations for both the etches give reflectances in air approaching or equivalent to polished silicon. This is because, with the exception of texture etched ͑tilted͒ pyramid textures on the ͑100͒, ͑311͒, and ͑210͒ orientations, the test orientations yield textures whereby more than 60% of etch facets have tilt angles below 30°so that no multiple incidence of light is possible. For the sawdamage etch in air, for example, near ͑110͒ orientations have facets whereby multiple incidence of light may be possible, but its reflectance values are still only 4% lower than for polished silicon due to the large number of facets angled below 30°. In comparison, for texture etching the upright pyramid textures formed on the ͑100͒ orientation have reflectances approximately 20% lower than for polished silicon, through double-bounce incidence of all light falling upon pyramid facets. Moving away from the ͑100͒, pyramid structures correspondingly tilt so that dominant etch facets have angles tending below 45°, whereby multiple-bounce incidence decreases.
However under encapsulation, many orientations whose etch surface geometries allowed only minimal, or even no reflectance reduction in air, have structures whose dominant facets have angles above 20.9°required for light confinement at the glass-air interface ͑see also Tables I and II͒ . This is the case for both the texture etch ͑for the aforementioned tilted pyramid textures͒ and the saw-damage etch, for the central orientations in between the flat etching ͑100͒ and ͑111͒. Therefore under encapsulation, the number of optically useful orientations is significantly increased as compared to the case when bare.
The results from Table IV and V are summarized graphically in Fig. 17 , which shows the relationship between the measured reflectance and the percentage of the silicon surface having facet angles yielding guaranteed multiple incidence of light, fitted linearly for the wafers in air and under encapsulation. The measured reflectances are seen to decrease as the percentage of the surface yielding guaranteed multiple incidence of light increases.
For the bare wafers, the decrease in reflectance is greatest, from values of 34% as equivalent to polished silicon in air, to values around 2% for the surface where 100% of light will experience multiple reflectance ͑experimental etch textures with optical properties in this latter regime have surface morphologies equivalent to vertical columnar structures, such as those obtainable using reactive ion etching. 17 For the saw-damage etch textures, with generally less than 5% of the surface yielding guaranteed multiple incidence, reflectances are equivalent to polished silicon, while for the textureetched wafers, the differences in facet angles between flat etching ͕XXY͖ orientations and ͑tilted͒ pyramid textures yields a far greater spread in measured reflectances.
For the encapsulated wafers, the decrease in reflectance is more gradual, from values of ϳ22% reflectance equivalent to polished silicon under encapsulation, decreasing to values of ϳ6% where multiple-bounce incidence is guaranteed, this value resulting entirely from reflectance from the glass. The reflectance distribution is more evenly spread for the encapsulated saw-damage etched wafers compared to the texture etched wafers. The differences in etch surface geometries between the orientations now become visible for the saw-damage etch texture depending upon the percentage of facets tilted above 20.9°, whereas these differences were barely visible in air due to the small proportion of facets above 45°yielding guaranteed multiple incidence. The increase in facet tilt angles with orientation for the saw-damage etched samples, from the flattest etching ͑100͒ and ͑111͒ orientations to the highest facet tilt angles on the central ͑110͒ and ͑321͒ orientations, is far more gradual than for the texture etched wafers, where textures contrast over the principal triangle of orientations from polished textures on the ͕XXY͖ orientations and to the pyramidal textures.
Algorithm linking monocrystalline and multicrystalline reflectances.-In order to relate the results on monocrystalline wafers to the situation for multicrystalline wafers, an algorithm was developed by Burgers 18 whereby a weighted average is calculated for the quantitative data acquired for the individual wafer orientations. This weighted average accounts for the random orientations of crystals in the wafer, whereby, for example, the reflectance properties of a multicrystalline wafer may be calculated from the equation Figure 16 . Sketches indicating the reflectances of alkaline-etched wafers as a function of orientation, using the principal triangle of orientations as described in Fig. 4 . Reflecting properties are described on the basis of measured reflectance values in the visible by ͑a͒ reflectances equivalent to polished silicon, ͑b͒ some multiple incidence of light, ͑c͒ majority of incident light experiences multiple bounce incidence. ͓Reflectances equivalent to upright pyramids on monocrystalline ͑100͒ silicon.͔ a Facet tilt angles are grouped as a function of the probability of multiple incidence of light whereby A ϭ guaranteed multiple incidence for facet tilt angles Ͼ 45°both in air and under encapsulation, B ϭ as A with additional facets with angles 30°Ͻ Ͻ 45°, for which multiple incidence of light is possible in air but guaranteed under encapsulation, and C ϭ as B with additional facets angled 20.9°Ͻ Ͻ 30°, whereby no multiple incidence occurs in air but is guaranteed under encapsulation. This also applies to Tables V and VI .
cos ⌰d⌽d⌰ ϭ weighted sum of reflectances area where ⌽ and ⌰ are defined as in Fig. 4 . This weighting is based on the projection of the areas of all 48 families of principal ͕100͖:͕110͖:͕111͖ triangles upon a sphere encompassing all the possible crystal coordinates. The accuracy of this method is demonstrated in Fig. 18 , where the weighted average of reflectances for texture-etched wafers is compared to the mean of reflectances measured for eighteen multicrystalline wafers. The absolute reflectances derived from weighted averages on the seven monocrystalline wafers average 1 and 1.5% lower, respectively, in the visible than those measured for the bare and encapsulated multicrystalline wafers. However, the weighted averages lie within the limits of the standard deviation for the eighteen multicrystalline wafers, this being Ϯ1.9 and Ϯ1.75% in absolute reflectance in the visible for the bare and encapsulated wafers, respectively. Application to multicrystalline wafers.-The absence of any preferential orientation͑s͒ dominating the crystallographic composition of the multicrystalline wafer renders it essential that reflection reduction be applicable to as many orientations as possible. Since a proportion of crystals invariably yield flat surfaces, it is impossible to give reflectance reduction by geometrical means on all orientations. However, Tables IV and V show that both the saw-damage and texture etches yield geometrical surface textures on certain orientations which under encapsulation can give reflectances approaching that of pyramidal texture on the ͑100͒ orientation. With so many orientations present in a multicrystalline wafer, will the reflectances of the alkaline-etched wafers be significantly improved if observed encapsulated rather than bare? Figure 19 shows the average of measured reflectances on two neighboring sets of 18 multicrystalline wafers in air and under encapsulation, one set for each of the etches investigated. Additionally, Table VI relates the reflectances of the multicrystalline wafers to their surface morphologies as a function of etch facet tilt angles over the wafer, as calculated using the weighted average algorithm described previously.
Unsurprisingly, the absolute reflectances of the multicrystalline wafers in air are far higher than for the pyramidally textured ͑100͒ monowafer, approximately 14 and 17% higher for the texture and saw-damage etches, respectively, in the visible. For the saw-damage etch, this high multicrystalline reflectance highlights the flatness of the etch surface, whereby approximately 80% of the surface has facet tilt angles too low to give double-bounce reflectance in air ͑i.e., tilt angles Ͻ 30°). For the texture etch, the slightly lower multicrystalline reflectance results from multiple incidence of light on ͑tilted͒ pyramids. However the number of near ͑100͒ crystals yielding pyramidal textures is too low in proportion with other orientations in the wafer to bring the overall wafer reflectance in air to the level of the monocrystalline wafer.
For the wafers under encapsulation, the same overall ranking of reflectances are found for the saw-damage and texture etched multiwafers and the monowafer, from highest to lowest reflectances, respectively. However, the level of reflectance is dramatically reduced for the multicrystalline wafers, and lies far closer to that of the ͑100͒-oriented wafer than was the case when bare. The sawdamage etched wafers have an average reflectance level only 7% higher than for the encapsulated ͑100͒ wafer in the visible, compared to the 17% difference between them when in air. This is due to the benefits obtained through light confinement at the glass-air interface, which significantly improves the level of light coupled into the silicon for the alkaline-etched wafers.
The improvement under encapsulation is most marked for the saw-damage etched wafers. In this case, 38% of the surface has facet tilt angles above the 20.9°threshold for total internal reflectance at the glass-air interface and thereby the guaranteed multiple incidence of light. This compares to a maximum of 17% of the wafer surface for which multiple incidence is possible in air ͑angles Ͼ30°͒. The visible reflectance value for encapsulated saw-damage etched wafers lies only around 1.5% above that of its neighboring texture-etched multicrystalline wafers, compared to a difference of 3% when bare. This is because a large proportion of tilted pyramid structures already facilitate multiple-bounce reflectance in air by virtue of facets angled above 30°͑amounting to 29% of the wafer surface according to Table VI͒, compared to the far flatter textures Figure 19 . Reflectances for multicrystalline wafers with alkaline sawdamage and texture etches as compared to a pyramidally textured monocrystalline ͑100͒ wafer. ͑a͒ Reflectances in air, ͑b͒ reflectances under encapsulation. Table VI . Relationship between measured reflectances and facet tilt angles for texture-etched multicrystalline wafers, 6 in comparison to polished silicon and pyramid texture on monocrystalline "100…. Facet tilt angles are derived from the weighted average of facet angle data for the seven saw-damage and texture etched monocrystalline wafer orientations as in Tables IV and V for the saw-damage etch. As a result the reflection reduction achieved by light confinement on encapsulation is relatively less. The fact remains, however, that both alkaline etch treatments compare much more favorably in terms of their surface reflecting properties with respect to monocrystalline ͑100͒ oriented silicon when observed under encapsulation than when bare. This is also a much more practical and realistic comparison, since the finished silicon cells will always be placed under encapsulation in the final module.
Employment of antireflection coatings.-Although antireflection coatings ͑ARCs͒ are not investigated explicitly in this paper, it is interesting to discuss their effect upon the surface-reflecting properties of ͑textured͒ silicon solar cells. So-called quarter wavelength, predominantly single-layered ARCs are generally employed industrially, applied directly upon the silicon, which for a coating thickness d 1 and refractive index n 1 satisfy the relationship
whereby light of incident wavelength 0 which is reflected away at the silicon-ARC interface initially, will destructively interfere with light reflected directly away from the ARC encapsulant ͑e.g., air or glass͒ interface with which it will be 180°out of phase, thereby ideally cancelling out reflection ͑see, e.g., Ref. 1͒. ARCs for silicon solar cells are usually optimized for a maximum current output in the terrestrial solar spectrum ͑AM 1.5 G͒. This is achieved for coatings with a reflectance minimum at wavelengths of around 600 nm, these ARCs giving the finished cells their characteristic blue color. A reflectance minimum of zero can be achieved for 0 if the refractive index of the ARC corresponds to the geometric mean of the refractive indexes of the adjacent media, whereby
where the subscripts 0, 1, and 2 correspond to the encapsulant layer ͑e.g., air or glass/pottant͒, the ARC, and the silicon, respectively. Taking refractive index values of n air ϭ 1.0, n glass ϭ 1.5, and n Si ϭ 3.8, then optimal refractive index values for the ARC will be 1.9 and 2.3, respectively, for the silicon cell in air and under encapsulation. Typical coating materials are SiN x deposited by remote plasma enhanced chemical vapor deposition ͑RPECVD͒, or TiO x . These materials have high transparency, can be deposited with a large range of refractive indexes, and, in the former case, can provide electronic passivation of the silicon wafer surfaces. When used in addition to geometrical texturization, an antireflection coating further reduces front surface reflection losses from the finished solar cell. However, the optimization of an ARC for alkaline-etched multicrystalline wafers presents extra complexities. The optimal thickness of an ARC has been shown to vary with the facet tilt angles of surface texture for the examples of random pyramidal and periodically microgrooved textures. 19, 20 The large differences in facet tilt angles between crystals of different orientations found for both the etches investigated here, pose potential problems for the optimization of the ARC. Coating thicknesses which are appropriate for a particular crystal and surface morphology may thereby be less optimal for other crystals in the wafer. The possibility also exists, depending upon the deposition techniques used, that the ARC may not coat the textured surfaces uniformly, i.e., for example, for a pyramidal texture, that the coating is thicker at the troughs between pyramids than at the peaks.
The geometrical texturization of the surface also leads to an increase in the front surface area of the wafers. Electronic passivation of the front surface is thereby of particular importance in order to prevent recombination losses, so that the use of a passivating coating such as SiN x is more important. However, SiN x films become more absorbing as their refractive index is increased, 21 which is a problem when coatings are to be optimized for the wafers under glass encapsulation where higher refractive indexes are required. In addition, surface recombination velocities have been shown to be orientation-dependent on p-type silicon. 22 Although for n-type silicon ͑and thus the emitter at the top side of the cell͒ such a relationship was not found, this may potentially cause problems for cells with open rear metallization where rear-side passivation of the p-type bulk is required. Since particular crystallographic planes are exposed by etching, it may be found that passivation is more effective on some crystal orientations than others, and certainly between the two alkaline etch concentrations examined in this work.
Validity of Texture Etch Theory
Comparison of theory and experiment for monocrystalline wafers.-The results of texture etching showed that in addition to ͕111͖ crystallographic planes the whole range of ͕XXY͖ planes lying between ͑110͒ and ͑111͒ orientations are also exposed by etching. This contrasts with what is expected from theory, whereby only ͕111͖ planes are predicted to be stable to the etch. For the orientations investigated, the stability of this range of planes leads to lower facet tilt angles than expected, resulting in higher measured reflectances in practice, particularly under encapsulation.
Development of etch texture as a function of etch depth per
orientation.-It is also observed that, with the exception of the ͑111͒ orientation itself, the discrepancy between the measured facet tilt angles and those calculated by theory increases for orientations angled further away from the ͑100͒. From Fig. 20 we see that a similar relationship holds for etch rates on the seven representative orientations. Large variations in etch rate are observed, with the fastest etching orientations having the lowest angular separation from the ͑100͒. Since all the orientations were etched for the same duration ͑as is inherently the case for differently oriented crystals in a texture-etched multicrystalline wafer͒, it may thus be possible that the exposure of non-͕111͖ oriented facets is simply a consequence of a lesser stage of development of the geometrical surface texture for the slow etching orientations. In order to investigate this hypothesis, the seven wafer orientations were etched to various etch depths to observe the development of the texture etch facets as a function of time.
The resulting surface morphologies can be discussed as previously in terms of the distance of the wafer orientation from the ͑100͒, whereby tilted pyramids closer to the ͑100͒ behave differently to wafers with the ͕XXY͖ orientations ͑110͒, ͑221͒, and ͑111͒ used in experimentation. The results are summarized in Fig. 21 and 22 for the examples of the tilted pyramid structure formed on the ͑321͒ orientation and the ͑110͒ orientation, respectively.
In all cases, the shorter the etch duration, the greater the spread in exposed facet angles, with ranges of ͕XXY͖ facets extending up to 10°or more from around the major etch facet orientation. For the ͑tilted͒ pyramidal textures, an increase in the etch duration sees a strong tendency of the etch facets towards the ͕111͖ orientations predicted by theory. Etch facets become less rounded with time, with increasingly sharp edges bounding the pyramid faces. Fewer flat untextured regions are present between texture features, and the etch structures become larger. Most importantly, as these facets develop with time their tilt angles increase. Consequentially, tilted pyramid structures on those orientations furthest from the ͑100͒ now have facet angles which may satisfy the conditions for total internal reflectance ͑i.e., greater than 20.9°͒. For the ͑321͒ orientation, for example, the tendency of the facets towards the ͕111͖ facet with time sees more facets allowing for light confinement at the glass-air interface, whereby its reflectance value under encapsulation decreases from 15.9 to 12.3% at ϭ 630 nm.
However, for orientations close to the ͑110͒, the etch facets exposed continue to tend towards ͕XXY͖ orientations, as opposed to the ͕111͖ orientations exclusively. Rather than etch facets becoming steeper, the surface morphology becomes flatter with etch depth. For the wafers investigated, it is observed that while ͕111͖ facets are indeed exposed on the ͑111͒ orientation, the ͑221͒ and the ͑110͒ both also etch down to their base orientation yielding flat surfaces. This is of particular importance for the measured reflectances, which as a consequence are equivalent to polished silicon, both bare and under encapsulation. It also demonstrates a paradox in the etching process; while increasing the etch depth leads to higher facet angles and lower reflectances for ͑tilted͒ pyramid textures, it also results in the increased flatness and higher reflectances of textures on orientations furthest removed from the ͑100͒. (110) orientation.-The stability of the ͕XXY͖ orientations are particularly significant for the reflectance levels achieved for the ͑110͒ orientation. Theoretically, this orientation would yield two-dimensional V-shaped grooves consisting of intersecting ͕111͖ facets angled at 35°to the base orientation. Although in air, only a minimum of multiple incidence would be achievable for this theoretical etch structure at the base of the grooves, the reflection levels achievable under encapsulation would be almost equal to that of an upright pyramid texture. Although a grooved texture is achieved for the shorter etch time shown in Fig. 22 , its 15°f acet tilt angles are too low for multiple-bounce reflectance, either in air or under encapsulation. Shorter etch durations barely remove the initial sawing damage, and prolonged etching causes the surface to polish down flat to the stable ͑110͒ base orientation rather than tending towards the expected ͕111͖ facets, so that the majority of light is reflected normally to the surface. Figure 23 translates this to the situation for orientations in the principal triangle of orientations. According to theory, a perfect texture etch, yielding etch surfaces bounded exclusively by ͕111͖ facets, would give encapsulated reflectances equivalent to upright pyramids on the majority of test orientations except those closest to the ͑111͒ itself. However in practice, the stability of the ͑110͒ orientation means that the conditions under which ͑tilted͒ pyramids develop ͑i.e., at longer etch duration͒ lead to the polishing of the ͑110͒ orientation. This leads to the particularly large discrepancies between the measured and theoretical values for the ͑110͒ orientation that were shown in Table III . As a result the actual reflectance of the encapsulated multicrystalline wafer will be less than predicted.
Stability of the
Comparison of experiment and theory for multicrystalline wafers.-The theoretical and experimentally measured reflectances of texture-etched multicrystalline wafers are compared in Fig. 24 and 25, respectively, for wafers in air and under encapsulation. The experimental values are the average for eighteen wafers, etched for the longest duration whereby facets on tilted pyramid structures tend most strongly to the ͕111͖. The theoretical reflectances are calculated using the weighted average of the reflectances determined by Sunrays, for the seven orientations used in experimentation.
For the wafers in air, the difference between theoretical and measured reflectances is relatively small, despite the differences in surface morphology on ͕XXY͖-oriented crystals, since only upright pyramids, which are present both in theory and practice on wafers closest to the ͑100͒, allow multiple incidence of light. Theoretical reflectance values in air are indeed lower ͑24.7% at ϭ 630 nm) due to the imperfections of the textures formed practically ͑for example, polished regions between texture, etc.͒. However under encapsulation, the measured reflectances for the multicrystalline wafer are 5.4% higher than expected theoretically, as a result of the high reflectance of the stable, flat etching crystals near the ͑110͒ orientation.
Conclusions
The surface morphologies of multicrystalline alkaline texture and saw-damage etch textures have been quantified using a series of analysis techniques, using the weighted average of data acquired on seven orientations spread over the principal triangle of ͑100͒:͑111͒:͑111͒ orientations. Hereby it was possible to relate reflectance properties in air and under encapsulation to the etch geometries obtained on a per orientation basis. By using uncoated wafers the reflectance reduction observed is purely due to the geometry of the wafer surface morphology formed by the etch and the resulting In region ͑c͒, the majority of light experiences multiple incidence, while in region ͑a͒ reflectance are equivalent to polished silicon since facet tilt angles are less than 20.9°. multiple bounce incidence of light, as is responsible for the excellent optical properties of pyramidally textured ͑100͒ monocrystalline silicon.
The level of reflection reduction is strongly dependent upon the etch composition and conditions, combined with the orientations of the crystals in the wafer. The surface morphologies of the sawdamage etched wafers are generally relatively flat, in terms of their optical reflective properties in air. The majority of exposed etch facets have normal surfaces with tilt angles of less than 30°, i.e., lower than is required for even minimal double-bounce incidence of light. This results in reflectances comparable to polished silicon in air. This flatness arises due to the large number of crystallographic planes which are stable to the etch, these being predominantly the ͕100͖, ͕111͖, ͕110͖, ͕311͖, and ͕211͖ sets of planes.
For the low concentration texture etch, a larger variation in surface roughness arises, depending upon the angular proximity of the constituent crystal orientations to that of the ͑100͒. Near ͑100͒ orientations have low reflectances in air due to the ͑tilted͒ pyramid textures with facet tilt angles up to 55°which enable double-bounce reflectance. Further away from the ͑100͒ toward the ͑XXY͒ orientations such as ͑111͒ and ͑110͒ ͑where X and Y are integers͒, the increasing flatness of the texture yields still higher reflectances comparable to polished silicon. As a result, reflectances of individual crystals differ by up to 20% within a given texture-etched multicrystalline wafer in air.
The reflectances of neighboring saw-damage and texture-etched multicrystalline wafers, etched to the same etch depth of 25 m in total by weight, are respectively 17 and 14% higher than for pyramidally textured ͑100͒ monocrystalline wafers in air. In the case of the saw-damage etched wafers, this is because the majority of facets on all orientations are too low to allow more than minimal multiple bounce incidences of light. For the texture-etched wafers, the random distribution of crystal orientations in multicrystalline silicon means that the weighting of ͑tilted͒ pyramid structures on near ͑100͒ is too low compared to flat etching orientations to reduce the level of reflection more significantly. In the light of such a comparison in air one may be inclined to reject geometrical texturization by these two methods as being ineffective for multicrystalline silicon.
However, the situation improves dramatically under encapsulation, with saw-damaged and texture-etched multicrystalline wafers having reflectances only 7 and 5.5% higher than for the encapsulated upright pyramids on monocrystalline ͑100͒. This is due to the effect of light confinement at the glass-air interface, whereby light reflected away initially at facets can be totally internally reflected and thus redirected towards the silicon for a second chance of coupling into the silicon. All etch facets with angles above 20.9°satisfy the condition for total internal reflection, so that this method of multiple bounce incidence is far more effective for the alkalineetched multicrystalline silicon than that required between silicon facets in air. Thus while for the saw-damaged etch, for example, the etch surface is practically devoid of facets with tilt angles allowing for multiple bounce incidence, many of these facets have angles above 20.9°whereby reflection reduction is achievable on the majority of crystal orientations. Similarly for the texture etch, a far larger range of crystals further away from the ͑100͒ with tilted pyramid textures now experience multiple bounce incidence of light, thus yielding low reflectances equal to those on the ͑100͒. However the random orientation of the crystals in the multicrystalline wafers mean that overall reflectances for both saw-damage and texture etches remain higher than for pyramidally textured monocrystalline silicon ͑100͒, since the total reflectance is overweighted by the particularly flat etching and high reflecting orientations, these being the ͑100͒ and ͑111͒ for the saw-damage etch, and the ͕XXY͖ orientations between the ͑110͒ and ͑111͒ for the texture etch.
Despite the reflection reduction achieved due to light confinement on encapsulation, the level of reflectance measured for the texture-etched wafers was far higher than expected by theory. This theory dictates that alkaline texture etching exposes exclusively ͕111͖ facets, whereby ͑tilted͒ pyramids form on ͑near͒ ͕100͖ orientations, with textures tending to two-dimensional V-shaped grooves on ͕110͖, and ͑near͒ ͕111͖ orientations etching flat to their base orientation. Experimentation showed that the ͕111͖ facets were indeed particularly stable to etching, so that ͑tilted͒ pyramidal textures formed on ͑near͒ ͕100͖ oriented crystals. However it was determined that in addition to the ͕111͖ crystallographic planes, the whole range of ͕XXY͖ planes is also exposed for the etch duration used. This results in lower facet tilt angles than expected from theory, in particular for the orientations close to the ͕110͖.
However, the speed of development of the texture was in itself orientation dependent. Thus while a particular etch duration may lead to microscopically flat ͕111͖ etch facets on the ͑100͒ orientation, for example, a longer etch duration may be required for the full development of tilted pyramid structures, for example. This would imply that rounded or split facets, or an untextured background as observed by microscopy of the etch surfaces are simply a sign of an earlier stage of development of the etch structure on a slower etching orientation. A longer etch duration allows a more complete development of the ͕111͖ facets on tilted pyramid textures. However, etching for a longer period paradoxically leads to increasingly flat, polished surfaces for the ͑XXY͒ orientations, which are detrimental to reflection reduction. This is particularly important for the ͕110͖ orientations, which according to texture etch theory should yield low encapsulated reflectances comparable to pyramids on silicon ͑100͒ by virtue of V grooves at 35°to the base, but instead etches flat with prolonged etching. As a result, a far larger proportion of crystals in the encapsulated multicrystalline wafer reflects light away at near normal angles to the wafer surface, whereby light confinement is less effective than predicted theoretically. The theory of ͕111͖ exclusivity in texture etching is thus proven to be invalid in this case.
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